Contributions: All authors were involved in planning the research. AK carried out the in vitro experiments, and FJ carried out the human study. AK and GW wrote the paper. Abbreviations:
Introduction
Regulation of glucose uptake from the blood and metabolism in peripheral tissues is one of the key steps in maintaining a healthy metabolic phenotype. Glucose uptake into cells is facilitated and tightly controlled by glucose transporters that show a diverse expression between different tissues. Only specific isoforms (Glut2, Glut4) are activated in response to insulin. Postprandially blood insulin levels rise, leading to an increase of intracellular glucose in some tissues that is used to generate energy through glycolysis and the TCA cycle. These finely-tuned processes are disrupted in patients with metabolic syndrome or diabetes. Many bioactive compounds have been reported to inhibit the uptake of glucose into cells in vitro, including the flavonoid quercetin. However, less is known about the ability of mixtures of these compounds to modulate glucose responses.
Dietary flavonoids are small molecules present in many plant-based foods and supplements and are proposed to reduce the risk of diabetes and heart disease according to population studies [1] [2] [3] [4] . Flavonols are a biologically active sub-group consisting of galangin, kaempferol, quercetin and myricetin. These have identical chemical structures except for substitution of the B ring, where the number of hydroxyl groups increases from 0 to 3 for galangin, kaempferol, quercetin and myricetin respectively, and this provides a convenient platform for performing structure-function studies. Quercetin constitutes the most abundant of these compounds and is found widely in the diet in plant-based foods and beverages, such as onions, apples and tea. Kaempferol content is high in many Brassica vegetables, salads and herbs, myricetin exists at fairly high levels in walnuts, fennel, blackcurrants, blackberries and many other berries, and galangin is contained mainly in flavourings such as oregano [5] . The biological functions of flavonols in vivo and in vitro broadly support their protective effects against cardiovascular disease and diabetes. Most studies have been performed with quercetin [1;6], while the other flavonols have also been reported to exert some beneficial effects. Galangin reduced inflammation in fructose-fed rat liver [7] , and inhibited increased body weight, energy intake and PAT weight induced by a "cafeteria diet" in rats [8] . Myricetin was reported to affect glycogen metabolism in diabetic rats [9] . In diets, however, these compounds are not consumed in isolation but together with other polyphenols, nutrients and vitamins. Despite this, very few studies have considered the effect of combinations of flavonols on any biological activity.
Since these compounds have been shown to potentiate multiple diverse effects, we took a first step towards a mechanistic understanding of their combined action. We endeavoured to test the potential of flavonols to affect cellular glucose uptake and metabolism in a mixture compared to each one alone, and further investigated any transcriptional changes of glucose transporters. However, although quercetin absorption and bioavailability is well studied [1] , there is much less information on kaempferol [10] and very little on myricetin and galangin in humans. In order for the flavonols to modulate energy metabolism in cells, we considered it necessary to investigate plasma appearance before conducting in vitro experiments on activity.
To achieve this, we performed a human intervention study to evidence bioavailability, and assessed biological activity of the flavonols using the human HepG2 cell model. This is suitable for studying certain functions of human hepatocytes [11] including secretion of plasma proteins characteristic for hepatocytes [12] . HepG2 cells show a blunted response to insulin, i.e. a lower glycerol uptake and conversion to glucose-3-phosphate, while ketone body production and peroxisomal -oxidation is comparably lower but still functional compared to human hepatocytes [13] . They also retain acyl-CoA oxidase and very long chain fatty acyl-CoA synthase activities and this alteration may be attributed to the high lipogenic character of HepG2 cells as they primarily metabolise glucose to lactate instead of CO 2 which leads to a lower oxidative capacity [14] , a generalised common phenomenon in cell culture models. Glucose uptake is facilitated and regulated by glucose transporters, and HepG2 cells express GLUT1> GLUT3 > GLUT2 > GLUT9 > GLUT10 [15] . These factors make the well understood HepG2 model suitable for carrying out experiments to assess glucose uptake and metabolism [16] .
Experimental

Materials
Pickled capers, low fat mayonnaise, tuna chunks in brine, white bread and granulated sugar were obtained from a local supermarket (Morrisons, Leeds).
Propolis tablets were purchased online (Amazon.co.uk,Natural Plus Ltd) and freezedried blackcurrant powder was from by Healthy Supplies (Brighton, UK).
Equipment for blood sampling was from BD Medical (Oxford, UK) and from Bunzl Healthcare (London, UK). K 3 EDTA tubes and adapters with holders were from Greiner Bio-One Ltd (Gloucestershire, UK) and cryotubes for plasma storage were from Nunc Thermoscientific (UK). Milli-Q water nuclease free water (≥ 18.2 M ) was used (Milli-Q Advantage A10, Millipore UK Ltd, Hertfordshire, UK).
Authentic standards of myricetin, quercetin, kaempferol, kaempferol-3-Oglucuronide, isorhamnetin, galangin and daidzein were from Extrasynthese (Genay, France). Quercetin-3'-O-sulphate, quercetin-7-O-glucuronide, quercetin-3-Oglucuronide, quercetin-3'-O-glucuronide and isorhamnetin-3-O-glucuronide were enzymatically synthesised and purified by Dr D. Wong, University of Leeds as described previously [17] . Sinapic acid, ascorbic acid, formic acid, DMSO, sodium azide, ethanol, and deoxy-D-glucose were from Sigma-Aldrich (Dorset, UK).
Hexane, D-glucose and acetonitrile were purchased from Fisher Scientific 
Selection of food samples and flavonol content analysis
Blackcurrant, broad bean, red and yellow onions, pickled capers, curly endive, and dried oregano were analysed for their content of myricetin, quercetin, kaempferol and galangin. The selection was based on flavonol content from the PhenolExplorer database [5] , and from the literature for galangal (Alpina officinarum) and propolis [18;19] . All fresh samples were frozen at -80°C prior to lyophilisation and ground to a fine powder. Propolis supplements in tablet form were crushed and ground using a mortar and pestle. For each food, at least three replicates of 0.2 g dried samples were
extracted. Samples were homogenised in 5 ml of 70% methanol containing daidzein as internal standard and ascorbic acid to deter flavonol oxidation, with a final concentration of 20 and 100 M respectively. After centrifugation (3000 x g, 4°C,
10 min), the supernatant was collected. The extraction was repeated twice and all supernatants were combined and evaporated to dryness (Genevac EZ-2 Plus, Suffolk, UK).
To achieve identification and quantification of flavonols, the food extracts were 
Plasma extraction protocol
Flavonols were extracted from plasma based on the method described previously replicates of blank plasma (plasma collected at 0 h). The recovery value is expressed as % of the initial spiked amount (Table 1 , supplementary information).
HPLC-DAD-MS-MS analysis
Identification and quantification of flavonols and conjugates was performed on an Agilent 1200 LC system coupled to a diode array detector and triple quadrupole mass spectrometer according to the method described previously [22] .
Data analysis of the human study
The results were expressed as mean ± SE unless stated otherwise. Distribution of the data was evaluated using normal probability plots and by performing the ShapiroWilk test. The intra-individual variation of the flavonol concentration was expressed as coefficient variation (CV) from the mean. A p-value of ≤0.05 was considered statistically significant. All of the statistical analyses were conducted using SPSS for Windows, software version 22.
Cell culture
The human hepatocellular carcinoma cell line, HepG2 (HB-8065), was obtained 
[U-14 C]-glucose and 2-[U-14 C]-deoxy-glucose assay
For glucose and deoxy-glucose uptake assays, cells were seeded in 6 well plates at a seeding density of 0.6 x 10 6 cells/ well. At the end of the experimental treatment, cells were washed twice with 37º C PBS buffer (pH 7.4) and transferred to assay medium without glucose for 10 min (HEPES, 20 mM; NaCl, 137 mM; KCl, 4,7 mM; MgSO4, 1.2 mM; CaCl2; 1. 
Determination of protein concentration of cell samples
A Coomassie protein assay kit (Pierce Scientific, Thermo Scientific, Leicestershire, UK) was performed according to the manufacturer's protocol.Cell extracts were appropriately diluted with either NaOH 0.5 mM or PBS.
Statistical analysis
Results shown for [U- was considered statistically significant. Levenes' test was employed to check for homogeneity of means, and where the equality criterion was met, the Tukey HSD test was used for post-hoc comparisons and where not true the Dunnet C test was used instead.
Results
Flavonol content in the experimental meal
Foods were analysed for their content of flavonols before and after enzymic hydrolysis (Table 1) (Table 1) .
Identification of flavonols in plasma
Plasma samples collected after the consumption of the experimental meal were analysed using HPLC-MS-MS, and a typical MRM trace chromatogram is shown in 
Effect of flavonols on transcription of glucose transporters in HepG2 cells
The effect of the different flavonols on the mRNA levels of Glut1 and Glut9 was explored individually at a 20 µM concentration or in a mixture of 5 µM each after 12 h treatments in medium without FBS ( Figure 6 ). Quercetin and galangin significantly increased Glut1 mRNA expression to similar levels and comparable to the mixture of the four flavonols together (~2 fold) while kaempferol further enhanced Glut1 transcription (~2.7 fold). Myricetin had no effect on Glut1 expression levels but moderately decresed Glut9 (~0.8 fold) similar to galangin and kaempferol. Quercetin treatment was the only flavonol found to induce Glut9 mRNA expression (~1.3 fold) while the flavonol mixture treatment led to a significant downregulation of mRNA expression of Glut9 (~0.6 fold).
Discussion
Blood glucose levels are raised as part of the metabolic syndrome and in diabetes, and polyphenols may attenuate glucose levels by interacting with key metabolic enzymes and transporters. The overall effect is to modify glycemic responses and glucose distribution which could reduce the risk of developing diabetes [25] . It is important to link any biological effects to polyphenol bioavailability as far as possible. As a first step to dissecting the mechanism by which one of the classes of polyphenols, the flavonols, can modulate glucose metabolism, we conducted firstly a human intervention study. This showed, for the first time, that galangin is present in plasma after consumption of a flavonol-rich meal. We also confirmed the absence of myricetin and the presence of kaempferol and quercetin, and our study also with previous studies on healthy volunteers who consumed 1800 ml cranberry juice and detection carried out by GC-MS [26] , or a polyphenol-rich juice drink [27] . The dose of myricetin used in our study was >4 times higher than in previous reports, however myricetin was still undetectable; we can therefore conclude that intact myricetin or glucuronide/sulphate conjugates are not present in the plasma when consumed in normal doses by humans, although conjugates of the methylated forms could still be present. Other forms of myricetin, such as microbiota-dehydroxylated forms, could be present, but these were not specifically looked for. This dehydroxylation could also convert myricetin to quercetin, which would then be "lost" in the quercetin pool. Kaempferol in pickled capers is present in the aglycone form as well as rutinoside and rhamnosyl-rutinoside conjugates [23] . In a study which provided ~ 27 mg kaempferol, mainly as the 3-glucuronide form from endive Using pharmacokinetic modelling, we have found that the concentration of one of the major plasma metabolites from chlorogenic acid was several-fold higher after 4 or 5 cups of coffee throughout the day than after a single dose (unpublished data).
The data from the human intervention study was used as guide for the selection of flavonols to use in the in vitro studies. It was not our intention at this stage toattempt to fully replicate the in vivo situation, since most of the compounds are present in vivo as conjugates, the timing of their appearance is somewhat different, and the concentrations are less than 1 M. Further, the concentration of many flavonoids inside cells is higher than the cell culture medium owing to either active uptake of the conjugates [17] or passive diffusion followed by conjugation [22] . The goal at present was to initially test the concept that flavonols could influence glucose uptake and metabolism when present in mixtures in comparison to single compounds. In order to achieve measurable effects within a short time frame, we used 5 M of each of the compounds as mixtures, although this strictly exceeds physiological levels.
The effect of quercetin, kaempferol and galangin together (5 M each) increased 2-fold the metabolism of glucose. In vivo, physiological concentrations reached could translate to a modest 10% change in glucose metabolism which, however, could be We further investigated whether the acute treatment of HepG2 cells with the flavonols and the changes in glucose uptake and metabolism affected the transcription of GLUT1 and GLUT9 at the mRNA level after 12 h. This choice was made because GLUT1 was found to be the main isoform responsible for glucose entry into HepG2 cells and GLUT9, although expressed at low levels, still contributes to the flux [38] . Interestingly, GLUT9 is expressed exclusively in gluconeogenic tissues such as kidney and liver, expression is low in the small intestine while a GLUT9-splice variant is upregulated in diabetes. GLUT9 pancreatic expression is regulated by glucose but the overall physiological functions of this facilitative transporter as well as its transport properties remain unclear.
We found that 20 M of galangin and quercetin produced the same upregulation on GLUT1 while kaempferol had an even greater effect leading to a 2.5 fold induction, while 5 M of each of them in a mixture had no additive nor synergistic effect.
GLUT9 gene expression was mildly downregulated by myricetin and kaempferol
and further by the flavonol mixture. These changes only partially account for results found with the radiolabelled glucose assay, indicating that flavonol-induced changes in glucose metabolism are important and do not just stem from changes in transport.
With the flavonol treatments, more glucose was found to be retained in the cells.
Given the fact that this radiolabelled substrate may be further metabolised, and that with the assay we account only quantitatively for total radioactivity, we may assume that less glucose oxidation occured. This retardation of glucose breakdown could hypothetically lead to an increase of the oxidative capacity of the cells. Our results agree with [39] where it was reported that quercetin did not significantly affect glucose transport but decreased H] removal by 33%, reflecting the unidirectional flow of free glucose into glycolysis. In those experiments, quercetin was infused in the range of 50-500 M over 30 min in livers from fed rats, a state at which respiration takes place at the expense of endogenous fatty acids and glycogen catabolism is manifested by glucose release and production of pyruvate and lactate.
Quercetin has also been shown to inhibit glucose-6-phosphatase and increase glucose-6-phosphate levels intracellularly. Glucose, after entering into the cells, is converted to glucose-6-phosphate by hexokinase II which is highly expressed in HepG2 cells, and followed by subsequent catabolism in the glycolytic pathway [40] .
In HepG2 cells the glycolytic pathway is commonly used for energy and precursor metabolite production for biosynthesis of nucleic acids, fatty acids and other macromolecules [38] . Under both high and low concentrations of glucose, glycolysis is one of the main sources of energy while glutaminolysis replenishes tricarboxylic acid cycle metabolites, and oxidative phosphorylation is low compared to primary hepatocytes. This alteration may be attributed to the high lipogenic character of HepG2 cells as they primarily metabolise glucose to lactate instead of CO 2 , and this leads to a lower oxidative capacity. Clearly the flavonols could affect these processes, with galangin overall having the most significant effect on glucose metabolism and kaempferol on Glut1 mRNA induction. where it is metabolised, consequently lowering the glucose concentration in the blood. We suggest as the next step to determine the effect and the mechanism of quercetin, galangin and kaempferol conjugates on glucose uptake and metabolism, but using a cellular system where the conjugate uptake transporters are expressed, to mimic the in vivo situation in tissues. These uptake transporters are known for quercetin conjugates [17] but remain to be discovered for galangin and kaempferol, and in addition, the galangin conjugates must first be synthesised as this is the first time reported in humans. 
